Abstract Purpose: The study aim to identify novel molecular subtypes of ovarian cancer by gene expression profiling with linkage to clinical and pathologic features. Experimental Design: Microarray gene expression profiling was done on 285 serous and endometrioid tumors of the ovary, peritoneum, and fallopian tube. K-means clustering was applied to identify robust molecular subtypes. Statistical analysis identified differentially expressed genes, pathways, and gene ontologies. Laser capture microdissection, pathology review, and immunohistochemistry validated the array-based findings. Patient survival within k-means groups was evaluated using Cox proportional hazards models. Class prediction validated k-means groups in an independent dataset. A semisupervised survival analysis of the array data was used to compare against unsupervised clustering results. Results: Optimal clustering of array data identified six molecular subtypes. Two subtypes represented predominantly serous low malignant potential and low-grade endometrioid subtypes, respectively. The remaining four subtypes represented higher grade and advanced stage cancers of serous and endometrioid morphology. A novel subtype of high-grade serous cancers reflected a mesenchymal cell type, characterized by overexpression of N-cadherin and P-cadherin and low expression of differentiation markers, including CA125 and MUC1. A poor prognosis subtype was defined by a reactive stroma gene expression signature, correlating with extensive desmoplasia in such samples. A similar poor prognosis signature could be found using a semisupervised analysis. Each subtype displayed distinct levels and patterns of immune cell infiltration. Class prediction identified similar subtypes in an independent ovarian dataset with similar prognostic trends. Conclusion: Gene expression profiling identified molecular subtypes of ovarian cancer of biological and clinical importance.
and to generate predictive biomarkers of response to chemotherapy (7 -12) . Relatively little molecular subtype analysis of ovarian cancer using an unsupervised class discovery approach has been described (4, 13, 14) , perhaps because the power of most studies to detect such subtypes has been limited by their size-almost invariably fewer than 100 samples-and their evaluation of a heterogeneous histologic mix of tumors.
We have used high-density expression oligonucleotide microarrays for profiling 285 well-annotated serous and endometrioid invasive ovarian, fallopian tube, and peritoneal cancers. We found that serous and endometrioid subtypes can exhibit a large degree of molecular heterogeneity, falling into six optimal subgroups, each associated with specific molecular and histopathologic characteristics, and patient survival. This study represents the largest comprehensive analysis of molecular subtypes of ovarian cancer linked with clinical outcome to date.
Materials and Methods
Patient cohort. A cohort of 285 patients with epithelial ovarian, primary peritoneal, or fallopian tube cancer, diagnosed between 1992 and 2006, were identified through Australian Ovarian Cancer Study 8 (n = 206), Royal Brisbane Hospital (n = 22), Westmead Hospital (n = 54), and Netherlands Cancer Institute (NKI-AVL; n = 3). Individual cases were subject to central pathology review by either light microscopy assessment of representative formalin-fixed tissue taken adjacent to arrayed tissue material or diagnostic slides (n = 202) or by extraction of information from the original pathology reports when 1%)  11  10  1  3  3  2  5  Total  285  83  50  10  46  36  8  34 Abbreviation: NC, nonconsensus set. * Malignant cases in cluster C3. c LMP grade: LMP tumors were classified as low-grade or high-grade, whereas invasive cases were assigned a grade of 1, 2, or 3. b Other arrayed sites: omentum, sigmoid colon, uterus, bladder.
slides were not available (n = 74). A summary of clinical details is provided in Table 1 , with detailed patient information provided in Supplementary Table S1 . Additional patient cohort details, clinical definitions, and detailed methods are described in Supplementary
Methods. Institutional Review Board approval was obtained for patient consent and sample collection at respective institutions. Sample processing and gene expression profiling. For most cases (241 of 285), serial tissue sections (12 Â 100 Am) were cut by cryotome for Fig. 1 . Clustering of expression data derived from serous and endometrioid tumors originating from the ovary, peritoneum, and fallopian tube. A, a series of 251from 285 tumors were robustly clustered or classified into six k-means groups (C1-C6). Average linkage hierarchical clustering using a Pearson correlation metric was used to cluster genes based on relative expression across the 251cancers. Per gene median normalization was used for visualization. B, differentially expressed genes identified by SAM analysis. Genes ordered to show relative position within the hierarchical cluster from A. Green, showing relative under expression; red, relative overexpression. C, differentially expressed genes identified by profiling LCM captured cells from tumor and stroma representing C1tumor specimens. Genes are ordered based on relative position within the hierarchical cluster (A). Red, overexpressed in stroma; green, overexpressed in the tumor.
RNA extraction, taking a 5-Am section for H&E before and after serial sectioning for assessment of tissue content. In the remaining cases (44 of 285), RNA was extracted from frozen tumor pieces. For cases where tumor percentage was known, 92.5% (223 of 241) contained z50% tumor. In the remaining cases, (7.5%, 18 of 241), tumor content was between 30% and 49%. RNA was extracted in TRIZOL (Invitrogen) followed by column chromatography (Qiagen). RNA quality was assessed by Bioanalyzer (Agilent) and spectrophotometer (Nanodrop Technologies). Single round amplification was used to generate cRNA that was hybridized to Affymetrix U133 Plus 2 arrays and scanned following standard Affymetrix protocols. Complete expression data are made available on GEO 9 (accession GSE9899). Laser capture microdissection. Cryotome sections (10 Am) on membrane-coated slides (MDS Analytical Technologies) were ethanol fixed and stained with cresyl violet (Ambion). Tumor and stroma components were dissected by laser capture microdissection (LCM; Arcturus Veritas, MDS Analytical Technologies). RNA from respective tissue components was extracted by column chromatography (Qiagen), reverse transcribed, and then amplified using a whole transcript amplification method (NuGEN). Amplified cDNA was then labeled (NuGEN) and hybridized to Affymetrix U133 Plus 2 arrays.
Data processing and gene filtering. Image analysis and probe quantification was done using Affymetrix Gene Chip Operating Software. R package ''Affy'' was used to normalize the CEL files using the RMA method (15) . Quality control of array data was done using the ''Simple Affy'' package. 10 Genes with log expression values of <7 and a variance of <0.5 were filtered out before clustering, leaving 8,732 probe sets.
Consensus k-means clustering and class prediction. Consensus k-means clustering involved (a) k-means clustering, wherein the sample order was randomly permuted 1,000 times; (b) identified samples found to cluster together for >800 permutations (80%); (c) k-means clustering, repeated for steps (a) and (b) for 2 to 10 k groups. Optimal k group number was determined using the heuristic GAP statistic (16) . Class prediction, by k-nearest neighbors and diagonal linear discriminate analysis was optimized on the k-means consensus sample set by leave-one-out cross-validation and then tested on nonconsensus samples. Only samples classified into the same k-means group by both class prediction algorithms were included for further analysis. Hierarchical clustering of genes and visualization of expression data was done using the programs Cluster and Treeview (17) . Class prediction validation was conducted by first generating an optimized class prediction algorithm (diagonal linear discriminate analysis) using data from this study (n = 251) and then testing the algorithm on the independent sample data (n = 119; ref. 10) . Crossplatform analysis (Affymetrix U133A and U133plus2) was achieved by matching probe set identifiers present on both Affymetrix gene chips.
Semisupervised survival analysis. A semisupervised method to predict patient survival from gene expression data was done as described by Tibshirani et al. (18) . A Cox score was calculated for every gene, selecting only those genes wherein the score exceeded an empirically optimized threshold after leave-one-out cross-validation. The first component of the singular value decomposition of the dataset, comprising selected genes and samples, was used to stratify samples into two groups representing good and poor prognosis.
Gene set enrichment analysis. Gene set enrichment analysis was done, as previously described (19) , using 15 ovarian-specific prognostic gene lists (Supplementary Results S2) to interrogate k-means subtypes. Gene sets previously identified from other studies were translated to Affymetrix U133 Plus 2 probe sets using NetAffyx Analysis Center.
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Individual gene lists were created if directionality of expression was reported in relation to good versus poor prognosis or chemoresponse. Enrichment of individual gene sets was assessed by ranking genes using a signal-to-noise metric, comparing one subtype against all other subtypes.
Class comparison and PANTHER pathway analysis. Differentially expressed genes between k-means groups or LCM-dissected tumor components were identified using SAM (20) . Genes specific to each k-means group were selected using a one-versus-rest approach, whereby one group is compared with all other groups. Genes with q value of <5 and fold-change of >2 (up-regulated) or <0.5 (down-regulated) were selected. A paired sample approach was used to analyze LCM data. Pathways and gene ontologies overrepresented within gene lists were identified using PANTHER (21) .
Tissue microarray and immunohistochemistry. Tissue microarrays were constructed from representative formalin-fixed paraffin-embedded tissues. Tumor cores (0.6 mm) were punched and then arrayed in an agarose matrix using an Advanced Tissue Arrayer (Chemicon International). For immunohistochemistry, 3-Am sections were dewaxed, rehydrated, and stained using standard methods on a Dako Autostainer with Envision+ amplification (Dako) and visualized with 3,3 ¶-diaminobenzidine (see Supplementary Methods for detailed immunohistochemistry methods).
Statistical analysis of molecular subtypes and patient outcome. Nonparametric tests were used to assess differences of clinical, histopathologic, and molecular features across k-means subtypes. For univariate survival analysis, a Cox proportional hazards regression model was fitted to the data and the hazard ratio was computed for all groups (22) . For multivariate analysis, we used Cox proportional hazard regression, optimizing the model using the Akaike information criterion (23) . Statistical analysis and data plots were done in R and MINITAB (Minitab, Inc.).
Results
Identification of molecular subtypes of ovarian cancer by expression profiling. Whole tumor gene expression profiling was conducted on 285 predominately high-grade and advanced stage serous cancers of the ovary, fallopian tube, and peritoneum (Table 1 and Supplementary Table S1 ). Included in the cohort were also a smaller number of endometrioid ovarian cancers, serous tumors of low-grade, early stage and low malignant potential (LMP) to determine whether any highgrade serous cancers shared features with these groups. Gene expression data was filtered and clustered using a consensus k-means method to derive an optimal number of six clusters (C1-C6). One hundred and seventy one tumors consistently segregated into one of the six k-means clusters. Most of the remaining tumors (80 of 114) could be further assigned to one of the molecular subsets by performing class prediction. Hierarchical clustering of gene expression data from 251 classified samples showed a high degree of molecular structure defining the six subtypes (Fig. 1A) . Genes differentially expressed between subtypes were identified by SAM analysis (Supplementary Table S2 ) and then aligned to the heat map cluster (Fig. 1B) . PANTHER gene ontology and pathway analysis was used to functionally characterize differentially expressed genes (Supplementary Table S3 ). Laser Capture Microdissection (LCM) was used to identify genes over expressed in the epithelial and stromal components (Fig. 1C) as later discussed.
LMP and low-grade versus high-grade cancers. Significant differences in clinicopathologic features were observed between k-means subtypes (Table 1 ; Fisher Exact Test for type, histologic subtype, grade, primary site, arrayed site, and residual disease, P < 0.001; Kruskal-Wallis Test for age as continuous variable, P = 0.003) with the most discernable features being malignant potential and grade. The vast majority of high-grade tumors segregated with subtypes C1, C2, C4 and C5, including highgrade endometrioid cancers, consistent with previous reports that high-grade endometrioid and serous tumors are molecularly similar (3) . Subtypes C3 and C6 were predominantly serous LMP and low-grade, early-stage endometrioid tumors, respectively. The C3 subset consisted of all LMP cases (n = 18) plus 10 invasive tumors. Pathology review revealed 9 of 10 invasive C3 cases had adjacent LMP components and only two were grade 3. The molecular similarity of low-grade invasive tumors to LMP tumors is consistent with observations made by previous studies (5, 24) . Subtypes C3 and C6 had very distinct expression profiles. Both groups were characterized by low expression of proliferation markers (e.g., MKI67, TOP2A, CCNB1, CDC2, KIF11), reflecting low mitotic index. The C3 (LMP) subtype showed relative overexpression of mitogen-activated protein kinase pathway genes (DUSP4, DUSP6, SERPIN5A, MAP3K5, SPRY2), likely to be associated with LMP-specific mutations in mitogenactivated protein kinase pathway members KRAS and BRAF (25) and overexpression of axonemal dyneins, which could be attributable to enrichment of ciliated cells in LMP tumors compared with invasive cancers, consistent with ultrastructural studies reporting that invasive cancers are composed exclusively of the secretory cell type (26) . The C6 (low-grade endometrioid) tumors were characterized by overexpression of transcriptional targets of the h-catenin/LEF/TCF complex, known to be overexpressed in endometrioid cancers harboring h-catenin mutations (e.g., BMP4, CCND1, CD44, FGF9, EPHB3, MMP7, MSX2, EDN3, CST1; ref. 27 ). We found intense nuclear h-catenin staining in C6 tumors (see Supplementary Results S1 and Supplementary Fig. SR1-1) , consistent with deregulation of the WNT/h-catenin signaling pathway.
Novel high-grade serous subtype defined by a mesenchymal expression pattern. Subtype C5 represented a novel high-grade serous subtype defined by genes expressed in mesenchymal development. Overexpression of several developmental transcription factors were observed, including homeobox genes (HOXA7, HOXA9, HOXA10, HOXD10, SOX11), as well as high-mobility group members (HMGA2, TOX, and TCF7L1). WNT/h-catenin and cadherin signaling pathway members were highly enriched in C5 tumors, including N-cadherin and Pcadherin (CDH2 and CDH3). Immunohistochemistry staining for E-cadherin showed reduced protein localization at the membrane in the majority of C5 cancers compared with generally higher levels in high-grade groups C2 and C4, consistent with the notion of increased WNT/h-catenin signaling activity in C5 cancers (Supplementary Results 1 and Supplementary Fig. SR1-2 ). The C5 subtype was further defined by overexpression of proliferation and extracellular matrixrelated genes (COL4A5, COL9A1, CLDN6) and very low expression of immune cell markers (CD45, PTPRC; lymphocyte markers, CD2, CD3D, CD8A).
Consistent with a mesenchymal or dedifferentiated phenotype, there was relatively low gene expression of ovarian cancer markers in C5 tumors, including mucins (MUC1 and MUC16) and kallikreins (KLK6, KLK7, KLK8). Supporting this observation, preoperative serum MUC16 levels, measured by CA125 immunoassay, were available for 235 of 251 cases and showed consistently lower CA125 levels in C5 patients compared with patients from C1, C2, and C4 subtypes (Wilcoxon rank test, P < 0.001; Fig. 2A ). Immunohistochemistry staining of the tumor antigen MUC1 (EMA) showed lower expression within most tumors from subtype C5 compared with samples from other k-means subtypes (n = 63; Wilcoxon rank test, C5 versus other subtypes, P = 0.003; Fig. 2B ).
Reactive stroma signature defines a subtype of ovarian cancers displaying high levels of tissue desmoplasia. Higher-grade subtypes displayed significant differential expression of genes associated with stromal and immune cell types. The stromal gene cluster contained markers of activated myofibroblasts (ACTA2, FAP), vascular endothelial cells (PECAM1;CD31 antigen), and pericytes (PDGFRB), as well as enrichment of pathways and gene ontology groups defining extracellular matrix production and remodeling, cell adhesion, cell signaling, and angiogenesis. Clustering of subtype C1 was driven primarily by enhanced expression of the stromal gene cluster as shown by the abundance of genes differentially expressed in the C1 group lying within the defined stromal cluster (Fig. 1B) . To further validate the contribution of stroma to the C1 tumor expression pattern, we did gene expression profiling of LCM-captured material from five tumors of the C1 subtype. Approximately 5,000 genes were found to be differentially expressed between the epithelial and stroma fractions (Supplementary Table S4 ). As expected, the majority of stroma-specific genes could be found within the activated stromal gene cluster (Fig. 1C) .
To test whether the enhanced stromal gene expression signature observed in the C1 subtype was reflected in the histopathologic characteristics of the tumors, we reviewed the morphology and immunohistochemistry staining of C1 tumors compared with other subtypes. Based on an assessment of tumor cell content within arrayed specimens, we found that 40% of tumors within the C1 group had low tumor percentage (V50%) compared with only 9% within other groups combined (C2-C6). However, a substantial number of C1 tumors (23%) also had high tumor percentage (>75%), suggesting that the expression signature did not simply reflect percentage epithelial content. As a more specific measure of stroma activation, we scored representative tissue sections for desmoplasia, a nonrarified fibrotic reaction involving abundant collagen deposition and a high density of myofibroblasts that are distinct from resident nonactivated fibroblasts (28) . H&E -stained tissue sections adjacent to those used for microarray analysis were scored, showing that moderate to extensive desmoplasia was much more common in C1 compared with other subtypes (Fig. 3) . Hence, the degree of desmoplasia was directly correlated with the stromal expression signature. Immunohistochemistry staining for aSMA, a well known marker of activated myofibroblasts and a gene present within the stromal gene expression signature (ACTA2), highlighted the abundant and intensely stained peritumoral stroma characteristic of high desmoplasia samples ( Fig. 3B and C) . We assessed the consistency of the desmoplastic phenotype within individual cases, across all anatomic sites sampled at diagnosis, by reviewing complete diagnostic slide sets for C1 (n = 17) and non-C1 (C2-C6) cases (n = 19; Supplementary Results S1 and Supplementary Tables SR1-1 and SR1-2). We noted that desmoplasia seemed to be a common characteristic of specimens taken from extraovarian sites (specifically peritoneum and omentum), consistent with our observation that there was an enrichment of metastatic and primary peritoneal tumors within the C1 group (Table 1) . However, high desmoplasia (moderate-extensive) was consistently present at all sites (including ovary) in 14 of 17 C1 cases compared with only 3 of 19 non-C1 cases. Hence, tissue desmoplasia seemed to be a consistent feature of C1 tumors, rather than a sampling artifact due to inadvertent inclusion of stroma in a given sample.
Differential expression of immune response genes defines subtypes with varying patterns of T-cell infiltration. Observavations from the hierarchical clustering and heat map analysis showed that an immune signature seemed elevated in both C1 and C2 subtypes while very low in C5 cancers. An enrichment of genes, ontology terms, and signaling pathways associated with immune cells was found to be associated with the C2 subtype over other high-grade subtypes. More specifically, evidence of adaptive immune response was found among those genes significantly overexpressed within C2 cancers, including markers of T-cell activation (CD8A, Granzyme B; ref. 29 
) and T-cell trafficking (CXCL9/MIG; ref. 30).
Given the reported prognostic significance of intratumoral T cells within ovarian cancer (31), we used immunohistochemistry on tissue microarrays to count T-cell infiltrates (CD3; Fig. 4 ) and total leukocytes (CD45; Supplementary Results S1 and Supplementary Fig. SR1-4 ) localized within the tumor islets and stroma independently. Significant differences in distribution and number of CD3+ and CD45+ cells were observed across molecular subtypes (Kruskal-Wallis test, CD3+ cells tumor, P = 0.012; CD3+ cells stroma, P < 0.001; CD45+ cell tumor and stroma, P < 0.001). The number of CD3+ cells and CD45+ cells were found to be highly correlated within tumor and stroma components, respectively (CD3+ versus CD45+ tumor, r = 0.68; CD3 versus CD45 stroma, r = 0.86, P < 0.001). A, a series of 117 tumors from the six k-means subtypes were assessed for desmoplasia by review of representative H&E-stained sections. A desmoplasia score of 0 to 3 was given: 0, no desmoplasia; 1, scattered foci abutting cancer cells; 2, multiple foci or moderate confluent (wider) desmoplasia; 3, extensive desmoplasia. Representative samples of low (B) and high (C) desmoplasia were subject to immunohistochemistry staining with a-smooth muscle actin^specific antibody. Samples with high desmoplasia had areas of intensely stained stroma coalescing with the tumor, wherein low desmoplasia samples were typically devoid of infiltrating stroma and staining was restricted to the invasive front. Inset represents 4Â magnification of the original image.
Tumors from subtypes C2 and C4 showed a high number of both intratumoral and stromal associated CD3+ cells. Tumors from the C1 group showed a high number of stromal CD3+ cells, but typically had lower intratumoral CD3+ cell numbers. C5 subtype tumors had strikingly low CD3+ and CD45+ cell infiltration in tumor and stroma. An enhanced adaptive immune response, inferred from the microarray gene expression data, was therefore consistent with the increased infiltration of intratumoral CD3+ cells observed within C2 tumors.
Molecular subtypes show distinct survival characteristics. Patient survival information was available for the majority of the 251 cases from the k-means subtypes [progression-free survival (PFS), n = 245; overall survival (OS), n = 246]. A univariate survival analysis showed significant differences in both PFS (P < 0.001) and OS (P < 0.001) between all subtypes (Fig. 5) . Patients from C3 and C6 groups had the longest PFS and OS (Fig. 5) , consistent with C3 being predominantly LMP and lower-grade tumors and C6 being predominantly lowgrade and early-stage endometrioid tumors. Importantly, when considering only the high-grade subtypes (C1, C2, C4, and C5), univariate survival analysis remained significant (PFS, P = 0.004; OS, P = 0.022). Patients from the C1 (high stromal response) subtype had the poorest survival as a group compared with other higher grade groups. C2 and C4 tumors, with higher numbers of intratumoral CD3+ cells and lower expression of stromal response genes, had better survival than C1 tumors. The C5 mesenchymal subtype displayed a trend for reduced OS compared with subtypes C2 and C4.
The distinction between C1 (appearing to be the most distinct subtype in terms of outcome) and other high-grade k-means subtypes (C2, C4, and C5) was further tested in a multivariate analysis. The classification of the C1 subtype remained significant even in the context of known prognostic indicators, such as stage, grade, residual disease, and patient age, in addition to primary site of origin (PFS, P = 0.012; OS, P = 0.034; Supplementary Results S2 and Supplementary Table SR2-1).
Validation of molecular subtypes in an independent dataset. To validate the k-means subtypes and their prognostic significance in an independent microarray dataset, we used class prediction to classify 119 ovarian cancer samples described by Dressman and colleagues (10) . Most samples were predicted as either C1 (high stromal response; n = 40) or C4 (low stromal response; n = 36) subtypes, with fewer examples predicted as belonging to other subtypes (C2, n = 24; C3, n = 5; C5, n = 14, C6, n = 0; Fig. 5C ). Kaplan-Meier survival plots were generated using the corresponding OS information (Fig. 5D) . The relatively small sample size split between five groups most likely precluded the ability to observe significant differences between all subtypes (P = 0.354). The trends in OS, however, are consistent with observations from our own data (Fig. 5D) ; C1 (high stromal response) and C5 (mesenchymal) showed poorer survival compared with other subtypes. Differences in outcome between the two largest groups, C1 and C4, wherein associations are likely to be the most robust, approached significance (P = 0.062), supporting the observed poorer outcome of patients with enhanced stromal response. Independent testing on a larger sample set is required to further prove the significance of our observations. We estimate that approximately double the number of events represented in the Dressman dataset is required to observe a significant difference (P < 0.05) in OS between C1 and C4 cancers based on the effect size observed within our own dataset (Supplementary Results S2).
A comparative semisupervised analysis in the context of patient survival. Other ovarian microarray studies to date have used supervised approaches to identify prognostic signatures relating to chemoresponse and survival end points. To compare the results obtained by unsupervised clustering to a supervised analysis, we applied a semisupervised methodology previously described by Tibirishirani and colleagues (18) based on both PFS and OS. As we wanted to avoid trivial results from the analysis relating to the LMP and low-grade endometriod groups, we focused on only those tumors that fell within the high-grade and advanced stage k-means subtypes (i.e., 251 set minus cancers from C3 and C6, n = 215). The arrayed samples were separated into two groups of poor and good survival by semisupervised analysis of the gene expression data (log-rank test, PFS P < 0.001; OS P = 0.001; Supplementary Results S2 and Supplementary Figs. SR2-1 and SR2-2) . A comparison between semisupervised and unsupervised sample classification showed that cancers of the C1 subtype were almost exclusively represented in patients associated within the poor outcome group (Supplementary Results S2 and Supplementary Tables  SR2-2 and SR2-3) , whereas the vast majority of samples from other groups fell within the good survival group. Results were consistent for both PFS and OS.
We did gene set enrichment analysis to assess enrichment of survival gene lists (identified by semisupervised analysis) within k-means groups. Additionally, we also tested gene lists derived from several other microarray studies that have been reported to be predictive of survival or chemoresponse in ovarian cancer. Prognostic gene sets derived from our semisupervised analysis (representing the top 300 poor prognosis genes respective to PFS and OS) were shown to be highly enriched within C1 subtype, but not in other k-means subtypes (PFS and OS nominal P < 0.001, FDR q = 0.02; see Supplementary Results S2, Supplementary Table SR2-3, Supplementary Fig. SR2-4 , and Supplementary Table S5: survival gene lists). An enrichment of prognostic gene sets derived from other studies was also observed within the C1 subtype (more specifically those genes associated with poor prognosis). Examples include a gene set predictive of short-term survival (nominal P < 0.001, FDR q < 0.001; ref. 8) and a gene set predictive of platinum response (10) . An enrichment of poor prognosis gene sets within C1 subtype supports the notion that an elevated stromal response and its associated gene expression signature is a significant prognostic indicator within high-grade and advanced stage cancers.
Discussion
Class discovery using gene expression profiling has identified clinically relevant subtypes in solid malignancies, such as breast and lung cancer (32, 33) . We have described the first comprehensive class discovery analysis of a large cohort of ovarian carcinomas with correlation to clinical outcome. We found novel, distinct, and clinically relevant subtypes, driven by the contributions of both tumor and host tissue elements. Of greatest interest was the molecular subsetting of high-grade serous and endometrioid cancers that almost exclusively comprised the C1 (high stromal response), C2 (high immune signature), C4 (low stromal response), and C5 (mesenchymal, low immune signature) subtypes.
Several studies have described subclassification of ovarian cancer using unsupervised clustering; however, none approach the scale described in this study or have correlated expression subtypes directly with clinical data. Similarities in predominant expression patterns can be observed between our study and others; for example, stromal response/extracellular matrix, immune, and proliferation signatures have been previously described, although no other study has made any direct link to histologic features of the cancers arrayed. A robust molecular distinction between high-grade, low-grade, and LMP tumors has been well described by other studies (5, 24) and supports the dualistic model of disease progression in ovarian cancer (34) . Like others, we have shown that a proportion of predominantly lower-grade serous tumors can have a strong molecular similarity to the serous LMP subtype. These, like the low-grade endometriod tumors, are an important clinical subgroup, as both histologic subtypes show extended diseasefree survival and OS. Several examples of C3 LMP-like invasive tumors could be found within the independent dataset used to validate the subtypes. We would argue that such cases should be identified (by molecular analysis) and then removed from any study aiming to identify prognostic signatures of high-grade ovarian cancers.
Patients that harbored tumors of the reactive stroma subtype C1 displayed a significant trend toward early relapse and short OS, with similar findings observed in a semisupervised analysis of the dataset. Previous findings strongly support the clinical importance of this observation in ovarian and other cancer types. Prognostic and chemoresponse gene sets derived from other published ovarian microarray studies were found to be enriched within the C1 subtype (8 -11) . For example, there is very strong enrichment of stromal response markers in the genes overexpressed in patients with poor outcome in the data from Spentzos and colleagues (8) . Individual genes and biomarkers associated with stromal response, such as SPARC and MMP2, have been shown to have prognostic significance in a range of cancers (35 -37) and collagen expression has been linked specifically with outcome and chemoresistance in ovarian cancer (38, 39) . However, unlike other microarray studies, we are the first to make the direct link between desmoplasia, its correlated expression signature, and outcome in ovarian cancer. Our observations of a poor prognosis group defined by extensive desmoplasia are supported by similar reports in other carcinoma types. For example, recent studies have reported an association between the abundance of myofibroblasts, stromal maturity, and outcome in pancreatic, colorectal, and prostate cancer (40 -43) . These findings strongly suggest that an enhanced stromal response has a significant effect on tumor behavior and clinical outcome and is likely to be a feature of many cancer types. This conclusion is in keeping with the growing literature on the importance of microenvironment and stromal cell types in cancer progression (44) . Morphologic assessment of reactive stroma grade by immunohistochemistry or an expression-based test to identify ovarian cancers with elevated reactive stroma coupled with novel agents that target the stromal fraction of the tumor (45) may prove effective for identifying and then treating tumors that are resistant to platinum-based drugs.
The C5 cancers represent a previously unrecognized molecular subtype of serous ovarian tumors, harboring an expression profile suggesting a mesenchymal or dedifferentiated phenotype. Overexpression of genes associated with WNT signaling, developmental transcription factors in combination with reduced membranous E-cadherin staining is strongly suggestive of epithelial-mesenchymal transition (EMT). The C5 group shares some characteristics with normal ovarian surface epithelium, including overexpression of N-cadherin and P-cadherin and reduced expression of E-cadherin and known tumor markers (e.g., MUC1, MUC16; ref. 46 ). Loss of E-cadherin and h-catenin expression has been reported as a prognostic indicator in ovarian cancers (47) . Reversion to a mesenchymal or EMTprone phenotype therefore seems to be a distinguishing and important feature within a subset of high grade ovarian tumors.
Presence of immune cell infiltrates has been reported to have prognostic significance in several cancer types, including ovarian cancer (31, 48, 49) . It is likely we have identified the molecular subtype counterparts of tumor groups demonstrating intratumoral or stromally restricted lymphocytes described previously (31) . Low numbers of intratumoral CD3+ T-cell numbers were identified in C1 (high stroma) and C5 (mesenchymal) subtypes; both of which we found to confer poorer prognosis (based on OS) compared with other groups, and therefore consistent with observations of Zhang and colleagues. It is possible that different mechanisms are responsible for restriction of T-cell infiltration in these subtypes. Stromal fibroblasts are important immune modulators through the production of extracellular matrix, peptide growth factors, cytokines and chemokines that can have profound effects on immune cell recruitment, trafficking, and function (50) . In tumors exhibiting very high stromal activity, it is likely that many of these signaling networks are in some way perturbed, potentially resulting in an ineffective immune response. Low immune infiltration within the C5 (mesenchymal) group may be more inherently related to the loss of antigenicity; supporting this, we observed significantly lower expression of classes I and II MHC antigens within the C5 group from the microarray expression data. Further characterization of the subtypes by assessment of other modulatory cell types, such as T-regulatory cells, may reveal more about the mechanisms underlying their immune-related phenotypic properties.
It is likely that we have identified the most predominant molecular subtypes of high-grade serous or endometrioid cancers that are apparent by gene expression profiling of whole tumors, although analysis of additional samples may allow further subclassification of these subtypes. The identification of molecular subsets provides a context for additional genomic studies (copy number change, promoter methylation, mutation) to understand the biology of the subtypes. Further maturation of patient clinical data should provide additional insights into the behaviour of this disease in the context of molecular subtypes.
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